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The Southern Hemisphere Westerlies (SHW) are an important driver of climate in the
mid-latitudes of the Southern Hemisphere. Abrupt latitudinal migration of this coupled
atmospheric-oceanic system is thought to be linked to the onset of the Termination at the end of
the last ice age and to subsequent climatic variation through the late-glacial period and Holocene.
However, the timing and spatial extent of these shifts, as well as variations in wind intensity, are
poorly constrained, hindering our understanding of abrupt climate change in the Southern
Hemisphere. In addition, future changes in the position and intensity of the SHW are a critical
part of model projections, because the SHW affect Southern Ocean upwelling and CO2
sequestration. Insight into the future behavior of the SHW can come from examination of past
fluctuations. My focus is the South Atlantic region, thought to be a key area for interactions
between the SHW and other components of the climate system. However, there are few

terrestrial datasets constraining past variations in the SHW in this region and many of these
appear contradictory.
This study is comprised of two alpine lake sediment cores extracted from tarns occupied
by alpine glaciers during the last ice age on Mount Usborne of East Falkland (51oS). This
terrestrial record, which spans the last 23 ka, uses stratigraphy, organic content, biomarkers (with
a focus on plant wax), isotopic composition of plant waxes, and a preliminary pollen record to
identify relative wind intensity, wetness, precipitation source, and temperature of the site.
Moisture source is particularly useful as it can be tied to the average position of the SHW over
time, with enriched precipitation reflecting a southerly location and depleted precipitation
indicating a northerly shifted wind belt.
My data suggest climate at Mount Usborne was cold and windy until 16.4 ka, when the
SHW moved south and the area may have warmed. This shift represents the local expression of
the onset of the Termination. Following a brief period at 13.6-14 ka when the SHW returned to a
northern position during the Antarctic Cold Reversal, climate became wetter at 12.5-13.6 ka,
associated with a southward migration of the SHW. At 11.2-12.5 ka, the westerlies again moved
north and climate in the Falkland Islands became more humid. The start of the Holocene was
marked by increasingly warmer and wetter conditions, with the SHW migrating south between 911 ka. Southward migration from 6-9 ka resulted in drier, windier conditions over the Falkland
Islands. A brief event in the mid-Holocene (5.5-6 ka) is wet and less windy. A distinct reversal in
the southward trend occurred at 5.5 ka. During the rest of the Holocene, the SHW have slowly
migrated to the north. Climate was windy and dry from 3-5.5 ka and less windy and wet from 0-3
ka.

My dataset suggests a highly variable position of the SHW over the past 23 ka, with
multiple north-south migrations, including 1) southward migration during the Termination 2)
periodic northward shifts in the late-glacial period, 3) a southerly position during the early
Holocene, and 4) northward movement in the mid to late Holocene, particularly after 5.5 ka. The
relative position of the SHW calculated in this study combined with other climate records at 5154oS suggest that variations in the position of the SHW correspond closely with temperature,
wind intensity, and precipitation variations, as well as to well-known climate events, regionally.
The correspondence between changes in the SHW and periods of abrupt climate change support
the hypothesis that the SHW are linked to much of the climatic variation in the South Atlantic
region.
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CHAPTER 1
1.1 Overview

INTRODUCTION

The Southern Hemisphere Westerlies (SHW) are part of a complex atmospheric-oceanic
coupled system that is thought to be an integral part of climate change on a variety of timescales
(i.e., Denton et al., 2010; Fletcher and Moreno, 2011; Russell et al., 2006; Toggweiler, 2009;
Doney et al., 2012). For instance, the location and intensity of the SHW affect the ability of the
Southern Ocean to sequester atmospheric CO2 (Russell et al., 2006; Anderson et al., 2009)
through their ability to control the rate of upwelling. Thus, the Southern Ocean as a heat/carbon
sink is a critical component of calculating future climate change scenarios (Nakićenović and
IPCC, 2000).The direct influence of SHW wind shear moving surface water away from
Antarctica through Ekman transport and the movement of the Antarctic Circumpolar Current
(ACC) causes the Southern Ocean to be a sink for both anthropogenic heat and CO2 under
present-day conditions. Some researchers have posited that increased stratification will decrease
the capacity of the Southern Ocean to store heat and carbon in the future (e.g., Sarmiento et al.,
1998; Caldeira and Duffy, 2000). Some recent modelling outputs used by the International Panel
on Climate Change (IPCC) for the future position and intensity of the SHW have suggested
poleward migration of a weakening SHW. Others suggest an increase in intensity with poleward
movement of the SHW, which would increase upwelling and carbon uptake to help offset
anthropogenic carbon in the atmosphere (Russell et al., 2006).
The SHW today have a profound effect on climate in the southern middle and high latitudes
centered along 50oS (Figure 1.1). They control the amount of annual precipitation, aeolian
transported materials, and temperature between 60oS to 30oS latitude (Toggweiler et al., 2006,
Anderson et al., 2009). Sites in the path of the SHW commonly receive increased precipitation,
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westerly sourced moisture, and far traveled aeolian deposits. Latitudinal shifts in the SHW thus
result in changes in moisture amount and source, as well as wind intensity, over a region.
Movement of the SHW commonly is accompanied by shifting ocean fronts and sea-surface
temperatures (SSTs). Air temperature of the ocean-dominated Southern Hemisphere landmasses
also changes (McKinnon et al., 2013), warming when the SHW and ocean fronts shift south and
cooling when they move north (Anderson et al., 2009).
The SHW shift equatorially in austral winters and poleward in austral summers (Li and Hsu,
2018) (Figure 1.2), driven by the migration of the thermal equator due to the tilt of the Earth’s
axis. The air mass warmed at the thermal equator rises, creating the moist, low pressure belt
known as the Intertropical Convergence Zone (ITCZ). The ITCZ and the SHW have a northern
position during the boreal summer and a southern position during the austral summer. In the
Southern Hemisphere, this seasonal migration has been proposed to mirror an equatorial
movement during glacial periods and poleward movement during subsequent interglacials
(Denton et al., 2010; Toggweiler, 2009; Denton and Broecker, 2008).
The importance of the SHW for climate prediction models has led to extensive research into
their past movement and changes in intensity. Moreover, variations in the SHW are important for
paleoclimate studies, as changes in their position have been linked with abrupt shifts in climate,
including the start of the termination (e.g., Clemens et al., 2005; Denton et al., 2010; Vanneste et
al., 2015). However, changes in the meridional location, sinuosity, and intensity of the SHW in
the past remains a controversial topic (Fletcher and Moreno, 2012; Tyson, 1986; Tyson and
Partridge, 2000; Rojas et al., 2009; Wyrwoll et al., 2000). Much of the debate comes from the
difficulties in modeling complex atmospheric systems, and model outputs commonly contradict
each other. For example Kitoh et al. (2011) and Shin (2003) suggested southward migration of
2

the SHW at the Termination, whereas Kim et al. (2017) concluded that the migration was to the
north and Otto-Bliesner et al. (2006) found no change in position. Within paleoclimatic datasets,
there are difficulties not only in interpreting proxies correctly, but also in separating regional or
hemisphere-wide hydrologic signals from local influences. To evaluate the hemisphere-wide
patterns of past variations, conglomerations of records have been compiled to try to piece
together the spatial extent and timing of changes in the SHW (e.g., Fletcher and Moreno, 2012).
Records with a wide geographical scope are necessary to map the meridional movement of the
SHW. Studies from northern Patagonia (Villa-Martinez et al, 2003), Tristan da Cunha
archipelago (Ljung et al., 2015), Southern Patagonia (Stern et al., 2015, Unkel et al., 2008),
South Georgia (Strother et al, 2015), Isla de los Estados (Björck et al., 2012), Tierra del Fuego
(Moreno et al., 2010; Vanneste et al., 2015), the northern region of the Antarctic Peninsula
(Koffman et al., 2013), Southern Africa (Meadows and Baxter, 1999), New Zealand
(Shulmeister et al., 2006; Schaefer et al., 2009), and Australia (Fitzsimmons and Barrows, 2010;
Jones et al., 1998) all have addressed past position of the SHW in the middle and high latitudes
of the Southern Hemisphere since the last glaciation.
From a review of existing papers, Fletcher and Moreno (2012) concluded that the SHW have
migrated in a zonally symmetric manner with changes in intensity since the LGM. They
proposed that the SHW were strong from 12-14 ka and weakened and moved south from 8-12
ka. They also proposed that there were synchronous millennial-scale variations across the
hemisphere zonally, although more focused data sets are needed to determine the timing,
magnitude, and geographic range of any such oscillations, as well as any accompanying changes
in intensity over time. Fletcher and Moreno (2012) posited a strengthening and broadening of the
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SHW compared to its modern position at 4-8 ka. They suggested that after 5 ka the SHW formed
a tight band near their modern position.

Figure 1.1 Modern location and intensity of the Southern Hemisphere Westerly Winds
(SHW) based on annual values of 2018. The top map designates arrows for wind direction
and warm colors for increased wind speed (m/s). The middle panel depicts sea-surface
temperature (SST) (oC). The bottom map is annual precipitation (mm). (Climate Reanalyzer,
2018).
4

Figure 1.2 Wind velocity in the western hemisphere. The SHW are centered over 50oS on
average. This belt shifts poleward in austral summers (left) and equatorward in austral winters
(right) (Climate Reanalyzer, 2018). Dashed red line depicts the latitude of the Falkland
Islands, which lie in the core of the SHW at present.
There are several outstanding questions concerning migration and intensity changes of the
SHW at and since the LGM, as well as their role in abrupt climate change. Do the westerlies
strengthen as they move southward, as suggested by Russell et al. (2006) or do they weaken, as
inferred from a compilation of proxy records (e.g., Fletcher and Moreno, 2012)? Is a rapid
southward movement of the SHW characteristic of the start of the termination (i.e., Denton et al.,
2010) and perhaps other climate warmings? To provide a record of past changes in the SHW and
to explore the link between movement of the SHW and climate variations in the South Atlantic
region, I developed a paleoclimate proxy dataset from alpine tarns in the Falkland Islands.
5

Situated on the edge of the Southern Ocean, the Falkland Islands lie at a latitude with few
existing paleoclimate records. Yet this region features in several hypotheses of abrupt climate
change, including the bipolar seesaw of ocean circulation (Broecker, 1998), and hypotheses that
call upon southward shift of the SHW as a critical step in starting the last termination (Anderson
et al., 2009; Denton et al., 2010).
Aims of this study:
1. Develop a paleoclimatic record of the Falkland Islands using lake cores to reconstruct the
pattern of climate variations, including wind intensity and precipitation changes, from the
last glacial maximum (LGM) through the Holocene.
2. Compile a dataset of regional studies to provide constraints on the meridional location
and/or intensity of the SHW in the South Atlantic region since the LGM.
To address these goals, I have the following specific objectives:
Objectives:
1. Develop a comprehensive stratigraphy for sediment cores from alpine tarns on Mt.
Usborne using stratigraphic patterns, magnetic susceptibility, and loss-on-ignition.
2. Create a high-resolution chronology of core sediments using radiocarbon dates.
3. Measure biological climatic proxies, including pollen assemblage, sediment biomarkers,
and isotopic composition of plant wax to reconstruct vegetation, moisture, and wind
intensity patterns.
4. Reconstruct past environmental changes at Mt. Usborne that reflect regional changes in
moisture amount and source, as well as relative temperature and wind intensity, as a
means of evaluating the location and/or intensity of the SHW.
6

1.2 Regional Setting
The Falkland Islands (51o S, 61o W) are 500 km off the east coast of South America
(Figure 1.3). The archipelago contains more than 200 islands, totaling about 12,000 km2. East
Falkland is the largest at 5,000 km2 (Moore, 1968). The climate is influenced by the position of
the sub-Antarctic front, which lies just south of the islands, and the cold Falklands-Malvinas
Current which flows north from the Antarctic, They are also affected strongly by the SHW,
which produce a westerly prevailing wind. This causes most storms to track from the west across
Patagonia and the Falkland Plateau. The region has a cool maritime climate with a mean summer
temperature (December-February) of 9.4 oC and winter temperature (June-August) of 2.2 oC.
Precipitation varies from 70 mm in the summer to 50 mm in winter (Groff, 2018, Upton and
Shaw, 2002; Lister and Jones, 2015).

Figure 1.3 Location of the Falkland Islands (52o S, 61o W) in the context of ocean frontal
boundaries. Mount Usborne, circled in red to the right, is the highest peak in the Falkland
Islands at 705 m.
7

There are no glaciers in the Falkland Islands today. Cirques occur on Mount Usborne
(705 m asl), East Falkland, as well as on a variety of mountains on West Falkland, including
Mount Adam (700 m asl.) (Clapperton, 1971). Existing paleoclimatic reconstructions of the
Falkland Islands have focused on the rich peat beds of East Falkland. These peat records have
been examined for aeolian dust, pollen, interbedded sands, and charcoal accumulation signals
(Barrow, 1978, Turney et al., 2016, Groff, 2018). From an initial study of interbedded sand and
peat beds, Barrow (1978) laid the groundwork to show that dust and exotic pollen varied
sufficiently to identify cool, dry periods versus warm, wet intervals. Turney et al. (2016)
furthered this work with a higher resolution peat core covering the late Holocene. Using charcoal
and pollen analysis, they linked warm, wet periods with high intensity SHW. They also
identified a 250-year periodicity of SHW intensity and/or location, possibly related to DeVries
cycles or El Niño. Groff (2018) examined the past 14 ka of oceanic nutrient cycles in the coastal
Falklands. The study used plant wax isotopes to track rainfall patterns and sourcing, as well as
pollen assemblages, for local climate reconstruction. Together, all these studies show that there is
sufficient variation in the pollen assemblages and aeolian deposition to use these proxies in the
Falkland Islands as a sensitive marker for the SHW.
My study focuses on Mt Usborne (705 m asl) and the series of cirques along its
northeastern flank, each occupied by a tarn (Figure 1.4). Specifically, I examined the sediments
in Tarns 2 and 4. Tarn 2 (5 m water depth; Figure 1.5) resides in the highest elevation cirque at
600 m asl. The lake is sandwiched between a steep headwall and a low-relief bulky moraine. The
catchment is relatively small (0.07 km2). Tarn 4 lies in a lower-elevation cirque at 520 m asl.
This cirque opens to the northwest and is enclosed to the northeast by a large moraine (~20 m
relief). A second, submerged moraine bisects Tarn 4 into two basins. The total catchment for
8

Tarn 4 is 0.17 km2. This study focuses on the inner basin which has a maximum water depth of
10.2 m (Figure 1.6).

Figure 1.4 Oblique aerial view of the Mt. Usborne field area. This study focuses on Tarns 2
and 4. These tarns occupy glacially carved cirques thought to be active during the last ice age.
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Figure 1.5 Bathymetric map of Tarn 2. Interpolated contour intervals are at 0.25 m
increments. The core site is marked in black.
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Figure 1.6 Bathymetric map of Tarn 4. A partially submerged moraine divides the lake into
two basins. This study focuses on the inner, southern basin. The core site is marked in black.
11

CHAPTER 2
METHODS
2.1 Field Methods
Tarns 2 and 4 were selected based on their size, elevation, and location on Mount
Usborne. Bathymetric mapping was undertaken using a Lowrance depth sounder operating at
200 mega Hz to identify the structure and deepest part of each basin. Resultant maps guided
coring. We took overlapping long cores from an inflatable raft using a square rod piston corer
Because these cores did not capture the sediment-water interface, we also took short cores of
surface sediments using a Unicorer device with an 8 cm diameter polycarbonate tube. The
sediment-water interface was preserved in the field with ZorbitrolTM. Cores were kept in cool
storage at the University of Maine for analysis.
2.2 Lab Methods
2.2.1 Core Description
Stratigraphic analysis included the visual identification of color, macrofossil remains,
sediment texture, and unit contacts at 0.5 cm resolution. Analysis began in the field when piston
cores were split. Later, at the Limnological Research Center (LacCore) facility at the University
of Minnesota at Minneapolis, I split and cleaned the Unicorer cores and took high-resolution
images (10 pixels/mm) with a DMT CoreScan Colour scanner and measured magnetic
susceptibility at 0.5 cm interval using a Geotek Multi-Sensor Core Logger to aid in stratigraphic
analysis. At the University of Maine, I performed loss on ignition (LOI; Bengtsson and
Enell,1986) at a minimum of 2 cm resolution. The LOI, interpreted as the organic content of the
sediment, is calculated as the ratio of the final sample mass after 550oC combustion over the
initial sample mass after drying overnight at 90oC.
12

2.2.2 Chronology
I sampled macrofossils, primarily aquatic mosses, for radiocarbon dating (Table 2.1).
Samples were cleaned, dried, and sent to National Ocean Sciences Accelerator Mass
Spectrometry Facility (NOSAMS) for radiocarbon processing. Dates were calibrated using
CALIB and the INTCAL13 dataset (Reimer et al., 2013). I do not apply a reservoir effect, as
none is anticipated. Bedrock around the tarns consists of carbonate-poor quartzite, and strong
winds keep the lakes well-mixed. I employed BACON (Blaauw, 2010), an R program, to create
age models for each core.
2.2.3 Biomarker and Isotopic Analysis
Paleo plant wax and other biomarkers were collected from bulk sediment samples in
cores TAR4-18-1, TAR2-18-1, TAR4-19-1, and TAR2-19-1 at approximately 8 cm resolution. I
chose select n-alkane chain lengths of plant wax (Diefendorf and Freimuth,2017) as reliable
proxies of ẟ2H in precipitation and relative evaporation, among other variables. These organic nalkanes were extracted from sediment by accelerated solvent extraction (ASE) using
dichloromethane and methanol (DCM/MeOH) and then separated with silicate base columns.
Further analysis by gas chromatography flame ionization detector mass spectrometer (GC-MSFID) was used to identify n-alkanes present.
Once the selected n-alkanes were identified, I processed the samples for deuterium
isotopes using isotope-ratio mass spectrometry (GC-Pyrolysis-IRMS) and for ẟ13C by GCCombustion-IRMS. Interpretation of the significance of the results followed Diefendorf and
Freimuth (2017), as well as results from a modern vegetation and surface sediment calibration
study at our lakes (Corcoran et al., in progress).
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2.2.4 Pollen Analysis
Pollen analysis focused on TAR2-18-1. The core was sub-sampled at a fixed volume (2
cc) at an 8 cm interval and processed according to Faegri and Iversen (1989), modified with a
spike of microspheres. I mounted the grains on slides with silicon oil. Pollen grains were
identified at the family to species level. Counting was stopped at 300 upland grains determined
to be statistically sufficient by Groff (2018) through Poly.Counter.
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CHAPTER 3
RESULTS
3.1 Tarn 2
3.1.1 Stratigraphic Analysis
Tarn 2 sediments were divided into eight stratigraphic units (Figure 3.1 and 3.2), with
depths and thicknesses defined by the piston core (TAR2-18-1). Organic-poor clays and silts
occur at the base of the core and give way upward to interbedded silt and gyttja and then, finally,
gyttja. Basal Unit 8 (140-155 cm depth) is characterized by inorganic light grey (7.5 YR 7/0)
clay with charcoal smudges at 120 cm and 136 cm and faint millimeter-scale laminations.
Magnetic susceptibility (MS) is relatively high and increases up core. Unit 8 has a gradual
transition to Unit 7 (134-140 cm depth), which is a dark brown (10 YR 4/3) gyttja. MS remains
high but decreases up core. Unit 6 (130-134 cm depth) overlies Unit 7 with a sharp contact and is
a band of light grey (10 YR 7/2) silt with ~25% organic content, an average value for this core.
The unit has relatively low MS. There is a sharp transition from the silt to overlying Unit 5 (130121 cm depth), a dark brown (10 YR 4/3) gyttja with a thin (0.5 cm) red band at 130 cm. A
distinct tephra horizon (121-122 cm depth) is visible as a thin black layer overlain by a crisp
white band, followed by an orange layer with increased moss content. This thin tephra layer is
represented by a brief increase in MS.
There is a sharp transition to Unit 4 (105-121 cm depth), which has mossy, banded light
grey (10 YR 7/2) and dark brown (10 YR 4/3) gyttja with a decrease in both organic content and
MS up core. The overlying Unit 3 (105-76 cm depth), which has reduced moss content, is a very
dark grey brown (10 YR 3/2) gyttja with low MS. There is a single small piece of red gravel. A
tephra band within Unit 3 (90-93 cm depth; 10 YR 8/1) is the stratigraphic tie point between the
15

two overlapping core segments. The band exhibits a drop in organic content to <10%, but no
corresponding change in MS. Although a layer of moss immediately overlies the tephra, the
remainder of the unit above the tephra lacks visible moss but has the highest organic content in
the core (nearly 30% at 80 cm depth). There is a gradual transition to overlying Unit 2 (63-76 cm
depth), which consists of four dark grey (10 YR 3/1) bands of silt 1-2 cm thick and spaced ~3 cm
apart within dark brown (10 YR 4/2) gyttja. Organic content varies at the gyttja (20-25%) and
silt (10-15%) bands, whereas MS increases to a pronounced peak at 66 cm depth. Overlying
these sediments with a gradual transition, Unit 1 (0-63 cm depth), is smooth, dark brown (10 YR
4/2) banded gyttja without visible moss. This unit extends to the modern sediment-water
interface, which was verified in the gravity core (TAR2-19-1). Organic content fluctuates around
20%, and MS is generally low with relative peaks at 6 cm and 32 cm depth.

Figure 3.1 Images of TAR2-18-1 taken after extrusion in the field. The top image is T1,
whereas the bottom image is T2.
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Figure 3.2 Stratigraphy of TAR2-18-1 plotted against total core depth. Core logs are colored in
approximation to the in-field sediment color and show general sediment type. Red dots are
radiocarbon samples. Also shown are organic content, magnetic susceptibility, and the age
model.
3.1.2 Age Model
Seven macrofossil radiocarbon ages were used to develop an age model for TAR2-18-1 (Table
2.1; Fig. 3.3). No dates were excluded. The predicted age of the core top is 1.5 ka, which is not
unlikely, given that this is a piston core and the surface sediment was not retrieved. The bottom
of the core dates to ~14.0 ka. Based on this age model, the Unit 5 tephra layer is ~10.1 ka,
suggesting that it may relate to the Mount Burney 1 eruption of Patagonia, at 10.0-10.4 ka
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(Smith et al., 2019). Although chemical analysis is still in progress, Mount Burney 1 tephra
has been found previously in the Falkland Islands (Hall, unpublished data). The modern
sediment-water interface was retrieved with a Unicorer (TAR2-19-1).
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Table 2.1 Radiocarbon dates of organic materials from Tarn 2. Calibrated calendar year (cal yr
BP) ages were calculated using INTCAL.13 (Reimer et al., 2013). Possible calibrated ages with
probabilities <10% are not shown.
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Core

TAR2-18-1 T1
TAR2-18-1 T2

Figure 3.3 Stratigraphy of TAR2-18-1 plotted against age. The stratigraphic log is colored in
approximation to the in-field sediment color and sediment type. Organic content, magnetic
susceptibility, and accumulation rate are also shown.
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3.1.3 Sediment Biomarker Concentrations and their Isotopes
Sediments biomarkers included aquatic and terrestrial n-alkanes, fire-derived polycyclic
aromatic hydrocarbons (PAHs), diatom-derived highly branched isoprenoids (HBIs), the soilderived compound perylene sampled from TAR2-18-1 and TAR2-19-1 of Tarn 2. Plant wax nalkane (Figure 3.4) concentrations (C12- C40, µg/g of sediment) have values increasing from ~10
µg/g of sediment at the base to ~40 µg/g of sediment at the modern sediment interface. The
average chain length (ACL) of n-alkanes decreases slightly up core. The terrestrial aquatic ratio
(TAR), defined as the ratio of terrestrial wax input versus algal wax input, is high (~140)
throughout the core. The aquatic proxy ratio (Paq), a measure of emergent versus submerged
macrophytes, remains relatively low through the core at 0.3. The diatom HBIs increase at 4.8 ka
(8.75 µg/g of sediment) and 7.4-9.2 ka (~9 µg/g of sediment). The soil-derived perylene
concentrations increase at 1.5-7.1 ka (~700 µg/g of sediment) with some variation.

Figure 3.4 Plant wax analyses from Tarn 2 plotted against age. From left to right, stratigraphy,
magnetic susceptibility, plant wax concentration, average chain length (ACL), terrestrial
aquatic ratio (TAR), Paq, PAH/sum alkanes, biomarker HBI, and perylene.
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The hydrogen isotopic composition (δ2H) of the n-alkanes (Figure 3.5) was also
determined. The mid-chain n-alkanes (C23 and C25), largely derived from aquatic plants (e.g.,
Diefendorf and Freimuth, 2017), become more negative (more depleted in deuterium) up core by
~40‰. Longer chain n-alkanes (C29, C31, and C33), derived from terrestrial plants (Bush and
McInerney, 2013; Diefendorf and Freimuth, 2017), show a slight trend negative (more depleted
in deuterium) up core and C33 has slightly higher values over the same interval. Differences
between terrestrial and aquatic plant δ2H values (C29-C23 and C29-C25) both generally increase up
core. The δ13C of the n-alkanes (C23 to C33) all decrease slightly (~3‰) up core (Supplemental
Materials).

Figure 3.5 Plant wax δ2H plotted against age for Tarn 2. From left to right, stratigraphy,
magnetic susceptibility, aquatic plant wax (C23, C25), terrestrial plant wax (C29, C31, C33),
and an evaporation proxy (C29-C23, C29-C25).
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3.1.4 Palynomorphs
Seven sediment samples provide a preliminary indication of pollen changes in TAR2-181 The assemblage (Figure 3.6 and 3.7) is primarily poaceae (grass family) making up about half
of the counted grains, along with Lycopodium (clubmoss), Nothofagus (southern beech),
Blechum (fern), Asteraceae (daisy family), Apaiceae (carrot family), and Caryophyllaceae
(chickweed family). Trace amounts of Polygonum (knotweed), Rosaceae (rose family), Ephedra
(jointfir), Rumex (sorrel/dock), Asteliaceae (flower family), and Plantaginaceae (plantain
family), Rubiaceae (coffee family), and Ericaceae (heath family). were also present. Total pollen
concentration varies, with a peak concentration at 5.1 ka (960 grains/cm2/yr) and with
depressions at 2.2 ka (150 grains/cm2/yr) and 5.5 ka (300 grains/cm2/yr).
The Falkland Islands have a rich biodiversity of shrubs, ferns, moss, grasses, and herbs
that vary through the pollen record. Ericaceae, an indicator for shrubs including the locally
common Empetrum rubrum (diddle-dee) and Gaultheria antarctica (mountain berry), peaks at
2.2 ka (18 grains/cm2/yr) and 5.5 ka (10 grains/cm2/yr). Blechum, ferns, has a minimum at 2.2 (3
grains/cm2/yr) and peaks at 2.9 ka (59 grains/cm2/yr) and 5.5 ka (75 grains/cm2/yr). Lycopodium
spores, moss, has a pronounced peak at 5.1 ka (87 grains/cm2/yr). Herbs account for many of the
pollen families and genera found in this study (Apiaceae, Asteliaceae, Asteraceae,
Caryophyllaceae, Plantaginaceae, Polygonum, Rosaceae, Rubiaceae, and Rumex); Apiaceae,
Asteraceae, and Caryophyllaceae are the most represented. The herbal concentration decreases at
2.2 ka (29 grains/cm2/yr) and 5.5 ka (71 grains/cm2/yr). Herb pollen concentrations and diversity
drops significantly in the uppermost sample (2.2 ka). Only Asteliaceae (most likely A. pumilia,
soft-camp bog), which was relatively low for most of the record, shows an increase in pollen
concentration at that time. All other herbs decrease significantly or vanish at that time.
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Nothofagus and Ephedra occur in South America 500 km to the west and do not live in
the Falkland Islands. Nothofagus peaks in the mid-Holocene and declines gradually thereafter,
with very low amounts occurring at the core top (~1.5 ka).

Figure 3.6 The palynomorphs of TAR2-18-1 plotted against age. The palynomorphs
accumulation rates are organized as shrub, fern, moss, grass, camp bog, herbs, and long distance
travel.
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Figure 3.7 The palynomorphs of TAR2-18-1 plotted against age. The palynomorphs
accumulation rates with terrestrial abundance ratios of each family are shown.
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3.2 Tarn 4-1
3.2.1 Stratigraphic Analysis
I separated sediments from Tarn 4 into 13 units, using the piston core TAR4-18-1 for
depths and unit thickness (Figure 3.8 and 3.9). The base of the core is composed of clays and
silts with high MS values and low organic content. The mid-section of the core has interbedded
silts and clays, which give way to gyttja near the top of the core.
Basal Unit 13 (207-215 cm depth) consists of a light brownish-grey (10 YR 6/2) clay
with low (~5%) organic content. Magnetic susceptibility reaches the highest levels in the core at
a thin oxidized silt band (206 cm) which caps this unit. There is a sharp contact with Unit 12
(191-207 cm depth), which consists of faintly laminated grey silt with low organic content and
high, variable MS. The overlying Unit 11 (173-191 cm depth) is a light brownish-grey (10 YR
6/2) silt capped by another thin layer of oxidized weak red (2.5 YR 4/2) silt. MS decreases up
core. Unit 10 (159-173 cm depth) also consists of light brownish-grey (10 YR 6/2) silt capped
with a grey (2.5 Y 6/0) clay and oxidized weak red (2.5 YR 4/2) silt. However, this unit increases
in MS up core with a drop in values at the orange silt band (1 cm thick).
Unit 9 (137-159 cm depth) is a grey (5YR 6/1) faintly laminated silty clay with an
oxidized reddish brown (10 YR 5/3) band (158 cm) and overall high, but variable MS and low
organic content. Unit 8 (117-137 cm depth), a light reddish brown (5 YR 6/2) silt capped by a
thin, dense band of dark clay, overlies Unit 9 with a sharp contact. MS decreases up core with
some variability, and organic content remains low. The overlying Unit 7 (105-117 cm depth) is
another sequence of light reddish brown (5 YR 6/2) silt capped by a thin, dense band of dark
clay. Unlike Unit 8, Unit 7 shows a rise in MS. Unit 6 (97-105 cm depth) is silt with a light
reddish brown (5 YR 6/2) color. MS shows high-amplitude variability.
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There is a sharp contact from Unit 6 to the overlying Unit 5 (97-76 cm depth), a
macrofossil-rich, greyish brown (2.5 Y 5/2) silt with high but decreasing MS. The overlying
contact to Unit 4 (58-76 cm), a grey (2.5 Y 6/2) silt capped by an oxidized pale yellow (2.5 Y
7/4) silt layer, is gradational. A distinct very dark greyish brown (2.5 Y 3/2) clayey silt band
occurs at 65 cm. Both MS and organic content are low and steady. Above a sharp contact, Unit 3
(51-58 cm) is a very dark grey brown (10 YR 3/2) silt that shows the first increase in organic
content in the core. There is a distinct transition at Unit 2 (41-51 cm) from light yellowish brown
(2.5 Y 6/4) silt to banded gyttja. The banding (2-3 cm thick), which extends from 51 to 44 cm,
ranges from black (5 YR 2.5/1) to dark brown (10 YR 3/3)There is a gradational transition to the
uppermost sediments, Unit 1 (0-41 cm), which consist of black (5 YR 2.5/1) gyttja with the
highest organic content of the core (20-30% with high variability). MS is low.

Figure 3.8 Images of TAR4-18-1 taken at the LacCore facility in July 2019. Sections T1, T2,
and T3 are shown from top to bottom.
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Figure 3.9 Stratigraphy of TAR4-18-1 plotted against core depth. Red dots indicate radiocarbon
samples. The stratigraphic column units are colored to approximate the in-field sediment color.
Also shown are organic content, magnetic susceptibility, and the age model.
3.2.2 Age Model
Twelve radiocarbon ages of macrofossils, primarily moss (Table 2.2), constrain the age model
for TAR4-18-1. The model (Figure 3.10) excluded a date of 11.2 ka at 77 cm, as it was not
sequential. I suspect the material may have been dragged down core during splitting. This model
places the top of the core at 1.0 ka and the bottom at 23.3 ka. Again, a non-zero age for the core
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top is expected, given we did not recover the sediment-water interface with the piston corer.
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Table 2.2 Radiocarbon dates of organic materials from Tarn 4. Calibrated calendar year (cal yr BP) ages were calculated
using INTCAL.13 (Reimer et al., 2013). Possible calibrated ages with probabilities <10% are not shown.
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Figure 3.10 Stratigraphic parameters of TAR4-18-1 plotted against age. The stratigraphic log
is colored in approximation to the in-field sediment color. Red dots show location of
radiocarbon dates. Also shown are the organic content, magnetic susceptibility, and
accumulation rate.
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3.2.3 Sediment Biomarker Concentrations and their Isotopes
I extracted bulk plant waxes from Tarn 4 (cores TAR4-18-1 and TAR4-19-1) sediments
(Figure 3.11). The concentration of plant wax (ug/g of sediment) increased sharply at 3.0 ka,
with high concentrations (C12- C40, ~60 ug/g) being maintained throughout the upper part of the
core. Average chain length (ACL) has minimal variation except for a drop at 16.6 ka (~29). The
terrestrial aquatics ratio (TAR) is variable, with peaks at 13-15 ka (~110) and 2-5 ka (120).
Peaks occur at similar times in Paq (0.35 and 0.40, respectively). The biomarker PAH has
generally low values with an anomalously high point at 9.4-11.2 ka (~200 µg/g of sediment).
HBI and perylene also have low values downcore, but both increase as organic content rises in
the upper section of the core. Perylene peaks at ~3 ka (734 µg/g of sediment), followed by HBI
at 2 ka (18 µg/g of sediment).
Hydrogen isotope (δ2H) analyses (Figure 3.12) show that short alkane chains (C23 and
C25) become more enriched from ~19-14.5 ka (~12 ‰) and show significant variability at ~14.59 ka. After ~6.2 ka, δ2H values become significantly more depleted (~46 ‰). Longer alkane
chains (C29, C31, and C33) show gradual enrichment from the base of the core until 11.5 ka (24
‰), after which time they display gradual depletion until present (15 ‰). The difference
between the isotopic values of the long and short chains (C29-C23 and C29-C25), used as a measure
of evaporation, shows a peak between ~13-10 ka (~-4), a drop immediately thereafter, and then a
second variable peak in the last 3 ka (~11). The δ13C of the n-alkanes (C23 to C33) all decrease
slightly (~3‰) up core (Supplemental Materials).
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Figure 3.11 Tarn 4 plant wax data plotted against age. From left to right, stratigraphy, magnetic
susceptibility, plant wax concentration, average chain length (ACL), terrestrial aquatic ratio
(TAR), Paq, PAH/sum alkanes, biomarker HBI, and biomarker perylene.
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Figure 3.12 Plant wax δ2H plotted against age for Tarn 4. From left to right, panels show
stratigraphy, magnetic susceptibility, aquatic plant wax (C23, C25), terrestrial plant wax (C29,
C31, C33), and evaporation proxy (C29-C23, C29-C25).
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CHAPTER 4
DISCUSSION
4.1 Interpretation of Stratigraphic Units
Three physical proxies, sediment type, MS, and organic content, aid in interpreting the
origin of the stratigraphic units, as well as the environment in which the sediments were
deposited (Figure 4.1). Sediments give an estimate of local environment. For example, gyttja is
an indicator of productive basins, whereas inorganic clays suggest low productivity and typically
cooler climate (Dudley and Crow, 1983; Moore, 1983). Inorganic sediments, by far the most
common sediment type in the tarns, could be deposited either via surface runoff (Gilli et al.,
2005; Lamy et al., 2001) or aeolian activity during times of high wind intensity and/or sediment
supply (Koffman et al., 2013). Given 1) the near-lack of any evidence of surface runoff (in the
form of channels, rills, etc...), 2) the very small catchment basins scarcely larger than the lakes,
and 3) the fine silt and clay grain sizes, I infer that inorganic sediments were brought to the lakes
primarily by wind. Thus, largely inorganic clay and silt in these lakes are presumed to be an
indicator of windy and likely cold conditions, with available sediment supply.
MS is an indicator of magnetic minerals concentration, most commonly magnetite. In the
Mt. Usborne tarns, high MS commonly is associated with organic-poor clays and silts,
particularly in glacial and late-glacial time. High MS values have been used elsewhere as an
indicator of wind intensity in the Southern Hemisphere (Koffman et al., 2013; Waldmann et al.,
2010) but detection is limited by availability of magnetic source material (Vanneste et al., 2016).
Here, I assume high MS values are indicative of high input of aeolian material with a magnetic
source.
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Organic content can act as first-order relative temperature proxy by tracking lake
productivity (Willemse and Törnqvist, 1999). Warm temperatures favor high productivity
regionally (Fletcher and Moreno, 2012), although other factors can influence productivity,
including precipitation patterns (Meadows and Baxter, 1999) and nutrition availability
(Anderson et al., 2009). Interpretation of changes in organic abundance (expressed as a percent)
can be challenging, particularly in lakes with low organic sediment content, because changes in
organic percent can be driven either by increased productivity or reduced coeval mineral input.
4.1.1 Tarn 2
Tarn 2 displays a postglacial transition to a eutrophic lake. The lowest unit, dating to lateglacial time (12.5-14 ka), reflects cold and potentially windy conditions, with inorganic clay
deposition and high MS values. Lake productivity was low. At ~12.5 ka (Unit 7), sediments
become more organic-rich, likely a result of warming temperatures. MS values decline slightly,
suggesting reduced inorganic input. Sediments return to a less-organic clay at ~11.8 ka (Unit 6),
indicating a return to cooler, windier climate.
Magnetic mineral input peaked near the Unit 5/6 boundary (11 ka) and dropped to very
low background values thereafter, suggesting a reduction in aeolian material with a magnetic
source. The tephra separating Units 5 and 4 appears to have had little effect on lake productivity.
The low MS values and presence of gyttja and organic silt from 6-10 ka suggest relatively warm
conditions, with the absence of magnetic aeolian material. However, at 5.4-6 ka (Unit 2), there is
a significant change in the lake, with the reintroduction of organic-poor, high MS silt and clay
interbedded with organic-rich gyttja. The clay layers likely reflect a period of renewed and
variable aeolian input and/or basin erosion. While still relatively high, organic content over the
last ~5 ka is lower than that at ~6 ka, possibly due to slightly decreased temperatures or
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increased inorganic material. Minor MS peaks at 3.9 and 1.9 ka may indicate brief input of
magnetic source aeolian materials.
4.1.2 Tarn 4
The lowest units of Tarn 4 (Unit 13 to Unit 10, 17.9-23.3 ka) consist of series of organicpoor silts and clays units each capped by clay and thin oxidized bands. I infer that the inorganic
clays, all with relatively high MS, indicate cold, windy conditions with magnetic source material.
The oxidized bands at 17.9 ka, 18.8 ka, and 22.5 ka are not straightforward to interpret, but one
possibility is that they represent times of low lake level, possibly linked to a decrease in
precipitation or increased wind-driven evaporation. If so, the cyclical nature of the lower units
may indicate repeated intervals of lake refilling and dry down. The highly variable MS may
indicate coeval variation in aeolian sediment supply, transport, and/or source. The clay, and the
cold, windy conditions it likely indicates, continues through the end of Unit 9 (16.4 ka). Units 7
and 8 (16.4-14.2 ka) appear to be show more of the same cyclical sedimentation that occurred
earlier with reddish silts capped by grey clays at unit transitions. High, variable MS values end
abruptly at ~ 12.5 ka and drop to low, background values, indicating a significant drop in
aeolian-transported magnetic minerals. The overall inorganic component of the sediment remains
relatively constant, suggesting that the drop in MS does not reflect change in the amount of
minerogenic input but rather a switch from magnetic-rich to magnetic-poor sources. From ~12 to
6 ka, lake sediments consist of organic-poor silts with low MS. The first notable increase in
organic content occurred at 5.6 ka, suggesting an increase in lake productivity or a reduction in
inorganic input.
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Figure 4.1 Comparison of TAR2-18-1 and TAR4-18-1 MS (left) and organic content (right)
plotted against age. Tarn 2 = green and Tarn 4 = yellow.
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4.1.3 Comparison Between Lakes
The sediments of Tarns 2 and 4 show both similarities and pronounced differences, some
of which may result from the nearly 100 m elevation difference between the two lakes. Tarn 2
covers only the last 14, whereas Tarn 4 extends to 23 ka. This difference probably is due to ice
and permanent snowbanks retreating later at the high-elevation (Tarn 2) site.
Both lakes show the same MS pattern, indicating that the sediment influx is part of a
regional signal. This reinforces the interpretation that the sediments are of aeolian origin, rather
than local in wash. In contrast, the percent organic content differs significantly between the
lakes, with Tarn 2 showing relatively high values by 11.3 ka, possibly sooner, and the Tarn 4 rise
lagging until 5.6 ka. At present, there is no satisfactory reason why organic productivity should
have been so delayed at Tarn 4 relative not only to Tarn 2, but also to other Falkland Islands
lakes (Hall, unpublished data). One possibility is that the pattern of organic content in Tarn 4 is
controlled more by the input of inorganic sediments than changes in actual organic productivity.
4.2 Interpretation of Plant Waxes
4.2.1 Background
Plant waxes can afford information on plant communities, precipitation sources, lakewater composition, and evaporation, among other parameters (Diefendorf and Freimuth, 2017,
Eglinton and Hamilton, 1963, 1967; Douglas et al., 2012). Plant-wax concentration in sediment
commonly is linked to vegetation abundance and is modified by preservation (Diefendorf and
Freimuth, 2017). Plant wax n-alkanes are typically odd-numbered carbon chains from C21 to C37
(Mead et al., 2005; Ficken et al., 2000). Based on a modern calibration on Mt. Usborne
(Corcoran et al., in prep.), terrestrial plants typically are between C27-C33, whereas emergent
aquatic plants are C25 and C27, and submergent aquatic plants range from C21 to C25 (Ficken et
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al., 2000). One measure of the relative contributions of these plant types is the average chain
length (ACL), commonly calculated from C27 to C35 (Diefendorf and Freimuth, 2017, Freeman
and Pancost, 2014). High values are linked to terrestrial plant sources and lower values to high
aquatic input.
Past plant communities can be studied further through ratios of n-alkane chain lengths.
For this study, I calculated the terrestrial aquatic ratio (TAR) and the aquatic proxy (Paq). TAR is
the sum of terrestrial n-alkanes (C27-C31) divided by the sum of algal n-alkanes (C15-C19). High
values indicate primarily terrestrial input with low values indicating largely algal input
(Choudhary et al., 2013; Glendell et al., 2018). Paq helps to determine if the aquatic plant wax is
predominately from emergent (low values, 0.07-0.61) or submergent (high values, 0.48-0.94)
macrophytes (Ficken et al., 2000). This ratio is the sum of n-alkanes for submerged macrophytes
(C23 and C25) divided by the sum of all n-alkanes of aquatic all macrophytes (C23 to C29).
In addition to n-alkanes, I measured biomarkers perylene and highly branched isoprenoid
(HBI). Perylene is a polycyclic aromatic hydrocarbon (PAH) that is produced by the soil fungus
Cenococcum geophillum (Hanke et al., 2019). Perylene levels are linked to the input of terrestrial
organic matter and potentially soil erosion. HBI, another PAH, measures the relative abundance
of select diatom communities but is poorly understood (Aichner et al., 2010; McKirdy et al.,
2010; Pagès et al., 2015; Smik et al., 2016).
Prior studies correlated the δ2H of long chain n-alkanes to the δ2H of mean annual
precipitation (e.g., Sachse et al., 2012). The δ2H of mid chain n-alkanes is sometimes correlated
with lake water δ2H, but appears to be lake specific (e.g., Thomas et al., 2016; Rach et al., 2017;
Arnold et al., 2019; Freimuth et al., 2020). For this study, a modern calibration study was
completed within our lake catchments (Corcoran et al., in prep.) and supports the idea that mid
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chain n-alkanes (C23 and C25) track lake water δ2H. This study also supports the concept that long
chain n-alkanes (C27 to C33) record local mean annual precipitation δ2H. Mügler et al. (2008)
proposed that the difference between the δ2H of terrestrial and aquatic n-alkanes is a proxy for
evaporation. Lower values indicate a relatively higher evaporation rate.

Figure 4.2 Plant wax parameters of TAR2-18-1 (green) and TAR4-18-1 (yellow) plotted
against age. Concentration, ACL, Paq, Perylene, TAR and HBI are shown from left to right.
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The carbon isotopic composition of long-chain n-alkanes is useful for tracking changes in
water availability, in the carbon cycle, and in the ratio of C3 to C4 plants (e.g., Diefendorf and
Freimuth; 2017). In the Falkland Islands, terrestrial plants all use the C3 photosynthetic pathway.
By accounting for changes in the δ13C of atmospheric CO2 (e.g., Tipple et al., 2010), we can use
the δ13C values of long-chain n-alkanes as a rough indicator of changes in water availability. As
water availability increases, plant, and thus n-alkane, δ13C values decrease reflecting an increase
in stomatal openness and increased leaf gas exchange (e.g., Diefendorf et al., 2010; Kohn, 2010).
4.2.2 Interpretation of Data
Both lakes show an increase in plant waxes through time, indicating an increase in
vegetation abundance, typical of deglaciated lakes (Figure 4.2). ACL and TAR are relatively
high in both lakes, reflecting the dominance of terrestrial plant wax in the sediments. ACL
decreases slightly after the mid-Holocene, probably indicating a change to the plant community
though time. Paq values show similar trends between the two lakes, but also display some
important differences. Where the records overlap, both Tarn 2 and 4 show a preference for
emergent macrophytes (likely moss at the field site). Tarn 2 shows steady Paq values, with no
evidence of the lake drying up. However, the lower portion of the Tarn 4 record shows a gradual
rise to more positive values, culminating in a distinct peak from 9-13 ka, indicative of increased
submerged macrophytes and potentially a deeper lake. Perylene, a soil fungi indicator, increases
at ~6 ka, indicating a rise in soil development or heightened soil erosion in the basin.
In both lakes, short-chain (aquatic) n-alkane δ2H records trend significantly toward
negative values up core, indicating the lake water itself has become increasingly depleted. At the
same time, long-chain (terrestrial) δ2H also becomes more depleted, indicating a shift in
precipitation source or seasonality of precipitation. This shift is most pronounced in Tarn 4,
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where the trend begins at ~11 ka; in Tarn 2, the trend is less obvious and starts at ~6 ka. Both
aquatic and terrestrial δ2H show variability. The evaporation proxy increases up core in both
records, signifying a decrease in local evaporation, probably due to an increase in humidity,
since the early Holocene.

Figure 4.3 Deuterium analyses for TAR2-18-1 (green) and TAR4-18-1 (yellow) plotted against
age. The graph displays aquatic n-alkanes, terrestrial n-alkanes, and the evaporation ratio from
left to right.
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4.3 Preliminary Pollen Interpretation
4.3.1 Background
Climate interpretation using pollen records relies on an understanding of modern plant
communities and their climate tolerances. The Falkland Islands have 181 species today of which
14 are endemic and about 89% are found in neighboring Patagonia and 19% occur in subAntarctic region (Upson and Lewis, 2014). Moore (1968) defined distinctive vegetation
formations on the islands. On Mount Usborne above 600 m asl cushion plants, including
Apaiceae (Azorella), Caryophyllaceae (Colobanthus), and Asteraceae (Abrotanella), and noncushion plants, such as Poaceae (Festuca, Cortadera) and Ericaceae (Pernettya) dominate the
exposed mineral soils near the summit. Wetter conditions, as seen in the cirques adjacent to the
tarns, are characterized by Asteliaceae (Astelia pumila) and Apaiceae (Azorella and Bolax)
dominated communities. Much of the Falkland Islands at moderate elevations is occupied by
dwarf shrub heath due to its well-drained rocky ridges and stone runs. These heath communities
are dominated by Ericaceae (Empetrum, Pernettya) and are associated with Apaiceae (Azorella),
Asteraceae (Abrotanella, Baccharis), Blechnum, and Lycopodium. Wet areas with poor drainage
are dominated by Astelia pumila.
4.3.2 Pollen Interpretation
Past studies on the Falkland Islands have found that pollen records from peat are a
reliable proxy for changes in climate and wind intensity (Barrow, 1978; Groff, 2018; Thomas et
al., 2018; Wilson, 1994, Wilson et al., 2002). Guided by these studies and using the work of
Moore (1968) and the vegetation guide of Upton and Lewis (2014), I selected key palynomorphs
for climate interpretation (Figure 4.4). Nothofagus and Ephedra are exotic pollen from South
America, and thus their abundance in Falkland Islands records has been used as an indicator for
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wind intensity (Barrow, 1978; Groff, 2018; Turney et al., 2016; Wilson, 1994, Wilson et al.,
2002). At Mt. Usborne, these species suggest relatively high wind intensity with increased longdistance transport at 6.2 ka and 3.5-5.1 ka, and lower wind intensity at 2.9 ka and 5.5 ka. with
distinctly low values at ~ 2 ka. The native species show two distinctive patterns. The first,
represented by A.pumila and Ericaceae, has peaks at 2.9-3.5 and 5.1-5.5 ka and very low values
at other time periods examined. Based on its present distribution, as well as on detailed studies in
nearby Tierra del Fuego where A. pumila forms a key component of the wet Magellanic
Moorland environment (Heusser, 1995), I infer that A. pumila indicates wet conditions at the
field site. Increases in Ericaceae (likely Empetrum rubrum) supports this interpretation, as these
species are commonly found together today, with A. pumila occupying wet areas and E. rubrum
growing on slightly dryer substrates. The other major pattern shows a peak in Poaceae, Apiaceae,
Asteraceae, and Caryophyllaceae centered at 3.5-5.1 ka aligned with an increase in exotic species
from Patagonia (Nothofagus and Ephedra). This assemblage is thought to reflect windy and
probably drier conditions, possibly in association with better-drained substrates and increased
evapotranspiration. These dry indicators, as well as long distance travelled (LDT), decrease from
6.2 ka to 2.2 ka and wet indicators increase. A third, less common pattern, represented by Rumex,
may reflect disturbed landscapes and peaks at 2.9 ka.

43

Figure 4.4 The pollen accumulation rates of the pollen record are plotted against time. Data include (left to right) Total pollen,
Long Distance Travel (Nothofagus and Ephedra), Dry Climate Indicators (Poaceae, Apiaceae, Asteraceae, Caryophyllaceae),
Wet Climate Indicators (A. pumila and Ericaceae), and Disturbed landscape indicator (Rumex).
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4.4 Paleoclimatic Interpretation
Analysis of the climatic proxies resulted in identification of seven distinct time periods
since 23 ka. Table 4.1 outlines the climatic interpretations of each proxy record to provide a
holistic interpretation for each interval.

Time
(ka)
16.423

13.616.4

12.513.6

11.212.5

911.2

Sed.
type

Organic
content

Plant wax δ2H

Pollen
Lake
Precip.
Evap.
water
ACL low
INSUF.
INSUF.
no
clay/silt high inorganic
depleted
at 16.5 ka
data
data
data
cold, windy conditions; predominance of southern moisture sources
becoming
enriched,
increasing
with
no
silt/clay high inorganic
TAR
enriched
decreasing
data
depletion
at 13.614 ka
windy conditions; predominance of northern moisture sources, except at 13.6-14 ka;
becoming more humid
increasing
becoming
no
enriched
decreasing
silt/clay high inorganic Paq, high
enriched
data
TAR
cold, windy conditions; predominance of northern moisture sources;
becoming wetter and more humid
increasing
no
clay/silt high organic
TAR and
depleted
depleted
low
data
ACL
warming; predominance of southern moisture sources; wet and humid
increasing
conc. and enriched,
silt/gyttj
low,
no
low
organic
HBI, high becoming enriched
a
increasing
data
TAR and
depleted
Paq
relatively warm; gradually increasing northern moisture sources; becoming wetter
MS

Plant wax
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Time
(ka)

Sed.
type

MS

Organic
content

Plant wax δ2H

Plant wax

Lake
water

Precip.

Evap.

Pollen

decreasing
conc.,
depleted,
depleted,
high HBI
windy,
silt/
becoming becoming increases
low organic
drier
gyttja
and TAR,
enriched
enriched
6-9
increasing
Perylene
relatively warm, windy; gradually increasing northern moisture sources after more
southerly source at 9 ka; becoming drier
inorgan high TAR
less
ic with
and
minor
windy,
silt
high
enriched?
low
enrichment
organic perylene,
increases
5.5-6
bands
low HBI
wet
decreased evaporation and less wind; input of clastic material;
possible predominance of northern source moisture
high,
variable
relatively
windy,
gyttja low organic
depleted
depleted
3low
dry
perylene,
5.5
low TAR,
relatively warm, windy conditions; dry; predominance of southern source moisture
decreasing
perylene,
depleted
wet,
gradual
low and
gyttja low organic TAR, and
and
decreasin
depletion
variable
HBI
variable
g wind
0-3
relatively warm, less windy; predominance of southern moisture sources;
becoming wetter and more humid

Table 4.1 The records of Tarn 2 and Tarn 4 are compiled and analyzed for nine intervals
spanning 0-23 ka. Prior to 14 ka the interpretation is based solely Tarn 4. After this time, both
lake records are considered.
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4.4.1 16.4-23 ka
Tarn 4 sediments extend to 23 ka and thus cover part of the LGM. Based on surface
exposure ages of moraine boulders, Hall et al. (in review) proposed that glaciers were active on
Mt. Usborne between at least 19-60 ka and became gradually less extensive over time. A glacier
last reached the moraine damming Tarn 4 at 27 ka; the moraine splitting the lake into two basins
remains undated. Based on the age model from the inner basin core, I suggest that the lake was
ice free by 23 ka and thus deglaciated before the end of the LGM, typically taken as 17.2-19 ka
globally (Schaefer et al., 2006).
Very low organic content, coupled with deposition of clays and silts of inferred aeolian
origin, indicate low lake productivity, cold temperatures, and a windy environment. In addition,
sediments were derived from a magnetically rich terrain that does not contribute to the lake at
present. Further work will be needed to determine if such a terrain occurs locally in the Falkland
Islands, or if the high magnetic signal is characteristic of airborne dust from glacial outwash
plains upwind in South America.
Plant wax precipitation isotopes are depleted through this time period and suggest a
predominance of southern moisture sources. There are insufficient data to determine lake water
isotopes or evaporation.
4.4.2 13.6-16.4 ka
A distinct change in sediment type and color occurs at 16.4 ka and marks the first
evidence of a shift in environment associated with Termination I. Although this change occurs
later than the onset of Termination I, typically placed at ~17.5-8 ka (Denton et al., 2010), this
shift might represent a regional climate change. For example, this date marks an abrupt jump
from inorganic clay to the first appearance of moss layers in the nearby Black Tarn (16.8 ka,
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Hall, unpublished data) and the first postglacial appearance of peat near Lake Sulivan on West
Falkland (16.5 ka, Wilson et al., 2002). However, unlike these other locations, Tarn 4 organic
content remained low. A peak in TAR suggests either that aquatic productivity was very low or
that terrestrial plant wax contribution increased through this period, perhaps because of greater
vegetation on the landscape as climate warmed. From 13.5-16.4 ka, there also is a trend toward
enriched deuterium values in both lake water and precipitation. This enrichment indicates that
the dominant precipitation sources are to the north, where oceanic values are enriched compared
to those to the south (Groff, 2018). Evaporation rates appear to decrease, suggesting a more
humid climate. A distinct depletion in isotopes occurs at 13.6-14 ka, suggesting a return to more
southerly moisture during the Antarctic Cold Reversal (ACR). The period 12.5-14 ka also is
marked by inorganic sedimentation.
4.4.3 12.5-13.6 ka
In the late glacial period, there is continued high MS and deposition of inorganic silts and
clays in both tarns. Cold conditions are implied by low organic content and plant wax
concentration, although the low organic remains also could be an indicator of greater inorganic
input. High MS values indicate continued aeolian deposition from a magnetic source area.
Isotopic values of plant wax indicate general enrichment in the δ2H values of precipitation
reaching the field site and decreasing evaporation rates in the tarn. The enrichment of
precipitation suggests an increase in northern moisture sources. The decrease in evaporation rates
indicates either greater precipitation and/or decreased evaporation due to cold and/or less windy
conditions.
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4.4.4 11.2-12.5 ka
At the start of the Holocene, there is relatively high organic content in Tarn 2, suggesting
productive, warming conditions. Tarn 4 continues to have low organic content, although this
does not appear to be a regional signal. MS values begin to decrease in this interval. Depleted
isotopic values for both the lake water and precipitation suggests that the precipitation sources
track from a more southerly position. Low evaporation rates indicate more humid conditions.
4.4.5 9-11.2 ka
The early Holocene is marked by the onset of low MS values. Because overall inorganic
content does not appear to change in Tarn 4 at this time, a possible explanation of this shift is
that the dominant sediment source changed. The presence of gyttja, high TAR, and relatively
high organic content in Tarn 2 may indicate warming conditions. Enriched precipitation indicates
that precipitation came predominantly from northern sources once again. Evaporation rates begin
rising in this interval, possibly due to warming conditions or increasing wind.
4.4.6 6-9 ka
The transition from the early to mid-Holocene shows several climatic changes. Gyttja
was deposited in Tarn 2, perhaps suggesting relatively warm conditions. An increase in LDT of
pollen grains, as well as dry species, along with an increasing evaporation rate inferred from
plant waxes, all imply dry, windy conditions. Increased perylene concentration suggests possible
soil erosion and may indicate loose soil being blown into the tarns, perhaps from peat blow-outs.
The depleted precipitation isotopes suggest that the moisture source shifted back to a
predominantly southern source at the start of this time period, but that the precipitation gradually
enriched over time, suggesting slow southward migration of the SHW.
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4.4.7 5.5-6 ka
A brief period in the mid-Holocene is characterized by inorganic silt bands with
relatively high MS values (at least for the Holocene), indicating a greater input of clastic
materials. Decreasing evaporation is inferred from the plant isotopes, consistent with pollen data
that suggest decreasing wind intensity, based on LDT and increasing wetness, as reflected by a
spike in A. pumila. One possibility is that the increase in MS in this instance is not due to a spike
in windiness, but rather to basin in wash under a wet climate. A poorly constrained apparent
enrichment in plant precipitation isotopes suggests northern moisture sources.
4.4.8 3-5.5 ka
The transition from mid to late Holocene appears to be characterized by a relatively
warm, windy environment. The relatively high organic content and presence of gyttja may be
indicative of warmth. Windy conditions are indicated by increased exotic pollen. Pollen proxies
also suggest relatively dry conditions, although isotopic evidence suggests evaporation remained
low. Gradual depletion of precipitation isotopes indicates a return to southern sourcing of
moisture and northward migration of the SHW.
4.4.9 0-3 ka
The late Holocene is characterized by an increase in wetness, based on an increase in A.
pumila and on evidence for low evaporation from plant wax isotopes. LDT decreases
substantially, indicating a decrease in wind. The precipitation continues to be from
predominantly southern sources, with what appear to be several short-lived shifts of the SHW to
a more northerly position. These shifts might correspond to the onset of the Neoglacial period in
the region at ~ 3 ka.
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4.5 Paleoclimatic Implications
4.5.1 Interpretation of Moisture Source Data
Based on modern calibration studies, the δ2H composition of plant wax biomarkers have
been related directly to the isotopic values of precipitation in the Falkland Islands (Corcoran et
al, in prep; Groff, 2018). Depleted hydrogen and oxygen isotopic values in precipitation originate
from sources south of the islands, whereas enriched precipitation originates from the north
(Groff, 2018, Galewsky et al., 2016). The SHW play an important role in determining the
predominant trajectory of moisture-bearing storms to the islands. Today, during austral winter,
the SHW are in a more northern position and storms tracking from the southwest bring depleted
precipitation to the Falkland Islands (Figure 4.5; Groff, 2018). Austral summers have the
opposite effect, with a more southerly position of the westerlies allowing storms to arrive from
the northwest bringing more enriched precipitation. The paleoisotopic record of precipitation
therefore reflects the mean annual position of the SHW relative to the Falkland Islands, as well
as the seasonality of rainfall (also linked to the position of the SHW). There is a trend of more
depleted δ2H and δ18O values since the LGM in ocean waters that is a not corrected for in this
dataset (Werner et al., 2016; Thresher, 2004).
Enriched precipitation suggests that the core of the SHW was to the south of the Falkland
Islands and/or that most of the precipitation arrived when the winds were in their southern,
summer mode. Such an airflow pattern would have brought warm temperatures to the Falkland
Islands. For example, Putnam et al. (2012) proposed that southward movement of the SHW and
the subtropical front allowed warm air masses from the northwest to penetrate New Zealand and
cause glacier recession in the Holocene. In contrast, depleted precipitation isotopes suggest that
the SHW were to the north of the Falkland Islands and/or that most of the precipitation fell when
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the winds were in their winter (northern) mode. These would have been periods of cold airflow
into the Falkland Islands from the sub-Antarctic.

Figure 4.5 Relationship between location of the SHW and water isotope composition in the
Falkland Islands. The mean position of the SHW relative to the Falkland Islands controls the
average direction of storm tracks and the isotopic ratio of incoming precipitation. The left (right)
panel depicts austral summer (winter) with a schematic SHW position relatively south (north) of
the Falkland Islands bringing enriched (depleted) precipitation. (Google Earth, 2019)
The plant wax record from Mt. Usborne (Figure 4.6, Table 4.2) suggests that the mean
position of the westerlies was shifted north of its modern position, allowing more southerly
moisture to dominate precipitation in the Falkland Islands during the LGM at 21 ka. This
depleted signal during the LGM could be more pronounced when accounting for the more
enriched values of during this interval (Werner et al., 2016). This was followed by southern
migration, perhaps close to the modern position from 14.5-19 ka during the Southern
Hemisphere Termination. This hypothesis is consistent with other paleoclimate data from the
South Atlantic region. For example, from an opal-based record of wind-driven upwelling,
Anderson et al. (2009) suggested southward migration of the westerlies between 10-17 ka with
their influence reaching at least 53oS (south of the Falkland Islands). Such a shift is also
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consistent with the rapid warming of southern mid-latitudes at the start of Termination I (Denton
et al., 2010; Björck et al., 2012; Moreno et al., 2012; Hall et al., 2013; Boex et al., 2013), as
southward movement of the SHW is thought to be accompanied by coeval shift of oceanic
frontal boundaries and accompanying SSTs, as well as by the inflow of warm air from the north.
This trend reversed during the ACR from 13.6 to 14.5 ka, with a shift to southern-sourced
precipitation and presumably a more northerly location for the SHW. Such a shift is consistent
with glacier expansion in Patagonia during the ACR (e.g., Strelin et al., 2011; Garcia et al.,
2012) However, between 12.5 and 13.6 ka, the precipitation again came from the north and the
SHW were in a more southerly position. At the end of the Late-Glacial period (11.2-12.5 ka)
there is another switch to a more northern position of the westerlies, and precipitation arrived in
the Falkland Islands largely from the south. This climatic shift, which corresponds in time with
the northern hemisphere Younger Dryas, is not well resolved in regional South Atlantic records.
Some temperature and precipitation proxy records from nearby southern South America also
suggest SHW northward movement at 11-12 ka (Lamy et al., 2010; Björck et al., 2012; Vanneste
et al., 2015), which would be consistent with my findings. At the start of the Holocene (11.2 ka
to 9 ka) the wind belt again moved to a southern position, bringing in more northern-source
precipitation but at 9 ka, the trend reversed briefly, bringing more depleted, southern
precipitation, consistent with a northward jump of the SHW. This reversal is based on only one
data point, and thus any interpretation must be tentative. However, if correct, this shift implies a
short-lived northward migration of the westerlies. After 9 ka until 5.5 ka, precipitation gradually
became enriched, suggesting positioning of the westerlies once again to the south. This trend
reversed at 5.5 ka, implying a gradual northward shift of the SHW, throughout the rest of the
Holocene.
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Figure 4.6 Schematic latitudinal migration of the SHW relative to the Falkland Islands (51oS)
through time based on Tarn 2 and 4 precipitation δ2H data. Depleted isotopic values indicative
of southern moisture sources and northern position of the SHW are toward the top of the
figure. Black band indicates the latitude of the Falkland Islands. Points above the band suggest
a relatively northern position of the SHW, whereas those below implies a predominantly
southern location. The figure is meant to show only relative changes in the position of the
SHW using present-day isotopic values as an indicator of the modern core of the wind belt,
today located over the Falkland Islands. Isotopic values do not scale with distance on the map.
(Google Earth, 2020)
Interval/Time Period (ka)

Relative Position

Direction of Movement

16.4-21.3

north

south

14.0-16.4

south

south

13.6-14.0

north

north

12.5-13.6

south

south

11.2-12.5

north

south

9.0-11.2

south

north

6.0-9.0

south

north

3.0-6.0

south

north

0-3.0

south

north

Table 4.2 Summary of the relative movement of the SHW since the last glacial period using
precipitation δ2H data from Tarns 2 and 4.
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4.5.2 Comparison to Other Falkland Islands Paleoclimate Records
Most climate records from the Falkland Islands come from peat cores and sections
(Barrow, 1978; Wilson et al., 2002; Hamley, 2016; Turney et al., 2016). In an early study,
Wilson et al. (2002) used peat and sand layers in sections near Lake Sulivan to conclude that
decreases in peat accumulation indicate former dry periods. The earliest dated peat was 16.8 ka,
suggesting warming conditions. The timing of sand layers varies from site to site between ~1316 ka, complicating any climate interpretation. Peat appears to be absent from 12.5-13.5 ka,
suggesting a cold, dry period or landscape erosion. From 7.7-12.3 ka, Wilson et al. (2002)
interpreted the record as suggesting overall stable warm conditions. There is no consistency
among sites from 4.4-5.7 ka. The period 1.9-3.2 ka is thought to have been variable.
Recent studies have focused on higher-resolution records from peat cores and sections in
coastal areas (Groff, 2018; Thomas et al., 2018; Scaife et al., 2019) (Figure 4.7). These studies
use Nothofagus as an indicator of wind intensity because it is the result of long-distance transport
from South America. Nothofagus has background concentrations throughout the records,
showing that there is a persistent westerly wind signal across the islands and relatively high wind
intensity at 6 ka. Overall, however, the records show little similarity to each other. Part of this
dissimilarity likely stems from the different proxies used, as well as the ways in which these
proxies are calculated. For example, the three studies using Nothofagus present the data in three
different ways (accumulation rate, concentration, and percent abundance), which can result in
dissimilar patterns. Recalculation of data from prior studies, if appropriate sampling volume and
age data are available, could alleviate this potential issue.
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Figure 4.7 Climatic indicators for wind intensity (top), dryness (middle), and wetness
(bottom) plotted against time. The indicators were selected based on the proxies of Groff,
2018 (green), Scaife et al., 2019 (yellow), and Thomas et al., 2018 (blue) with this study in
red. Shaded red areas indicate windy, dry, and wet periods, respectively, based on the proxies
in my records.
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There is slightly better coherence among records in the wet-dry indicators. In coastal
peat, Empetrum is used as an indicator of dryness, whereas at Mt. Usborne, this species tracks
with A. pumila, a wet indicator. Grass (Poaceae) appears to be a better dryness indicator in the
alpine area, possibly because Poaceae in coastal records also includes tussock grass, which
grows on wet coastal areas. The coastal studies that used Empetrum show a pronounced dry
interval at 10-12 ka, which is a time of low evaporation at Mt. Usborne. While my interpretation
of low evaporation is that it indicates wet conditions, other possible interpretations include a
reduction in wind-driven evaporation, colder conditions, and/or a greater length of seasonal lakeice cover. All three of these factors could be linked to the northward migration of the westerlies
at the time suggested by the precipitation isotopes. While some of the differences among records
probably is due to the different proxies used, local climatological and hydrological factors also
can affect wetness. Today, Mount Usborne frequently is covered in a heavy, orographically
produced mist, which increases the local humidity. Thus, wet intervals on Mt. Usborne might not
appear in paleoclimate records taken in coastal areas of the Falkland Islands. However, greater
wetness at this interval also appears in South American paleoclimate datasets (i.e., Lamy et al.,
2010), suggesting that the Mt. Usborne data may be indicative of a wider moisture pattern.
Two inferred dry periods in my data at roughly 6-9 ka and 3-5 ka correspond with dry
periods noted in Groff (2018) and Scaife et al. (2019). However, each of these coastal datasets
record only one of the dry episodes. There is limited coherence among wetness indicators in the
different studies At Mt. Usborne, A. pumila, the soft camp bog, is the prime wetness indicator,
along with the plant wax evaporation proxy. These data indicate wet periods in the late
Holocene, briefly at ~6 ka, and in the late-glacial period. The signal is likely more robust in the
Holocene, where plant wax data are supported by pollen information. There is not much
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agreement among coastal peat proxies, with wet Sphagnum percent peaking (Scaife et al., 2019)
during a time of low grass, thought to indicate dry conditions at this site (Groff, 2018). This
Sphagnum peak broadly overlaps with the late-glacial and early Holocene wet period on Mt.
Usborne. The poaceae, a wet indicator for tussac grass dominated peatlands (Groff, 2018), rises
in concentration in the late Holocene, consistent with an increase in wetness at Mt. Usborne
indicated by A. pumila. However, the Cyperaceae record (Thomas et al., 2018) shows an inverse
relationship to both the grass data of Groff (2018) and my A. pumila data. Possible
interpretations include Cyperaceae (or Poaceae and A. pumila) tracking something other than
moisture or the site where Cyperaceae was used being dominated by local effects.
4.5.3 South Atlantic Region
The Mt. Usborne record can be compared to other South Atlantic data to determine if the
climatic implications reflect a local or regional signal. Useful South Atlantic region climate
archives include SSTs, upwelling, ice-rafting, and sea-ice cover from marine sediment cores
(e.g., Anderson et al., 2009; Hodell et al., 2001) and aeolian sand grains and pollen from peat and
lake cores (e.g., Björck et al., 2012; Lamy et al., 2010; Vanneste et al., 2015). Figure 4.8
compiles some of these records, including SSTs based on diatom assemblages in a marine core
from the South Atlantic (53oS) (Anderson et al., 2009; Nielsen, 2004), pollen and flux of aeolian
transported sands in peat on Isla de los Estados (55oS) (Björck et al.,2012), and pollen indicating
wind intensity and wetness from Lake Tamar and nearby bog in Patagonia (53oS) (Lamy et al.,
2010). The wind proxies for the three sites show intensity decreasing throughout the Holocene
with a peak at 3-5 ka. Increased wind intensity lags changes in the position of the SHW centered
around 6.5 ka and 11-14 ka.

58

Figure 4.8 Climatic proxies from the South Atlantic region plotted against time. A. Marine
SSTs at 53oS from Anderson et al. (2009) and Nielsen (2004), as well as insolation. B and C.
Hydrogen isotope values of plant waxes at Mt. Usborne (Tarn 4) as proxies for precipitation
source and evaporation. D. Aeolian grain flux from a peat core on Isla de los Estados (55oS,
green) (Björck et al., 2012) and concentration of pollen grains inferred to represent wind
intensity from Lake Tamar (53oS, orange) (Lamy et al., 2010, core TML1) in orange. E. Wind
intensity on Mt. Usborne as indicated by exotic Nothofagus grains (bars) and other proxies
(shaded areas). F. Pollen-based wetness indicators from peat cores on Isla del los Estados
(Björck et al., 2012; green) and core GC2 near Lake Tamar (Lamy et al., 2010; orange). G.
Wetness indicator A. pumila (bars) on Mount Usborne, as well as other times of wetness
(shaded areas) inferred from evaporation rates.
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The Mt. Usborne record suggests a cold, windy climate from 16.4-23 ka, with a milder
interval at the start of the late glacial (13.6-16.4 ka). This temperature pattern corresponds well
with SSTs, which show a gradual rise starting at 16-17 ka (Anderson et al., 2009; Nielsen, 2004)
during the termination of the last ice age. SSTs cooled during the ACR, at the same time that my
record shows northward migration of the SHW. This northward migration likely was
accompanied by a shift in the oceanic fronts, resulting in cooler SSTs near the Falkland Islands,
consistent with the Anderson et al. (2009) record. At 12.5-13.6 ka, southward migration of the
SHW inferred from my data are consistent with renewed warming of SSTs. Patagonian proxies
suggest dry conditions with low wind intensity, suggesting that the westerlies were south of
those latitudes. However, the Mt. Usborne data imply a wet period. One possibility, which is
supported by my data from other time periods, is that wetness at Mt. Usborne is dependent upon
wind speed, with high wind speeds increasing local evaporation.
The early Holocene (9-11.2 ka) may have been warm with increased evaporation at Mt.
Usborne. My precipitation isotope data imply that the SHW were in a relatively southernly
position. Regionally, the period appears to have been characterized by relatively warm (although
cooling) SSTs and increased wetness and windiness at 53oS (Anderson et al., 2009; Lamy et al.,
2010; Vanneste et al., 2015, and this study). (Figure 4.6). However, Vanneste et al. (2015)
reconstructed cold and dry conditions for this period from a peat bog in Tierra del Fuego, 55oS.
In addition, a wind intensity record from Isla de los Estados, 55oS (Björck et al., 2012) shows
very low aeolian transport values at this time. This apparent difference in timing of peak wind
intensity may reflect a latitudinal variation or a shrinkage in the zone influenced by the
westerlies. The SHW could have been situated just south of the Falkland Islands but north of
Tierra del Fuego, in a zone around 52-53o S. Another possibility is that the wind intensity proxy
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of Björck et al. (2012), aeolian grain concentration in peat, also may reflect availability of
sediment supply, which would have changed as glaciers retreated and the landscape revegetated.
From 6-9 ka, most evidence indicates relatively warm conditions. At Mt. Usborne, the
climate was warm, dry, and windy, with greater LDT of pollen, increased evaporation, and
possibly increased wind erosion of peat. After an initial shift to the north at 9 ka, the SHW
moved south. Sites farther south appear to record less wind but more wetness, compared to Mt.
Usborne (Lamy et al., 2010; Björck et al., 2012). The increased wetness at Lake Tamar and Isla
de los Estados may imply that the westerlies were centered near ≥53oS, although the absence of a
coeval peak in wind appears to contradict that conclusion. At 6 ka, there is a further southward
displacement of the SHW noted in the plant wax isotope record. Mt. Usborne became wetter and
sites in southern Patagonia became drier. None of the sites examined show strong wind, this
could imply weak intensity of the SHW or the positioning of the wind belt south of 53oS.
My record indicates a mid-to late Holocene northward migration of the westerlies to their
modern position. This shift in direction in the mid Holocene corresponds with intensification of
ice rafting and increased sea ice, which persisted throughout the rest of the Holocene (Hodell et
al., 2001). Wind intensity peaked at all three sites at 3-5.5 ka, indicating vigorous SHW
circulation. In the late Holocene, from 3 ka to present, the SHW have continued to migrate north
to their present position. All three sites have become wetter. Northward migration of the
westerlies in the late Holocene may coincide with Neoglaciation seen in Southern Hemisphere
records (Mercer, 1970; Denton and Karlén, 1973; Kaplan et al., 2016).
My dataset suggests a highly variable position of the SHW over the past 23 ka, with
multiple north-south migrations, including 1) southward migration during the Termination,
fluctuations, 2) periodic northward shifts in the late-glacial period, 3) a southerly position during
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the early Holocene, and 4) northward movement in the Holocene, particularly after 5.5 ka.
Variations in the position of the SHW correspond closely with temperature, wind intensity, and
precipitation variations regionally, suggesting that with sufficient, high-resolution, zonally
spaced proxy records, Table 4.2) the movement and intensity of the SHW can be resolved over
the South Atlantic. This study also highlights the importance of determining the local
interpretation of these proxies as similar proxies represent different climate variables, depending
on site. In particular, the role of evapotranspiration and the relationship between wind intensity
and wetness indicators and their use should be explored further.
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CHAPTER 5
CONCLUSIONS
•

The studied tarns at Mt. Usborne preserve a ~23 ka long record of climate and ecological
change at 51o S in the South Atlantic. My data indicate that the cirques were ice free by
23 ka at 520 m asl (Tarn 4) and 13 ka at 600 m asl (Tarn 2).

•

In the Holocene, periods of high wind intensity coincide with increasingly dry conditions
on Mount Usborne, rather than the predicted rise in wetness thought to be characteristic
of increased SHW influence. One possibility is that greater wind intensity results in more
evapotranspiration, which can complicate interpretations of wet and dry in terms of
presence and absence of the SHW.

•

Long-chain plant-wax δ2H track isotopic values of incoming precipitation and thus serve
as a moisture source indicator. Isotopically enriched precipitation arrives at the field site
due to northerly airflow, which occurs when the SHW are located in a southerly position
relative to the Falkland Islands. Conversely, depleted precipitation reflects a southern
moisture source and a northern position for the SHW. Commonly, times of southern
airflow are cooler and northern airflow warmer.

•

The SHW had a northern position during the LGM (19-21 ka), the ACR (13.6-14.0 ka),
and the northern hemisphere Younger Dryas (11.2-12.5 ka). Southward migration of the
SHW occurred during the Termination, with the most enriched isotopic values occurring
at the start of the Holocene (11 ka). The overall behavior of the SHW during the
Holocene is that of gradual northern movement toward the present-day location over the
Falkland Islands, particularly after 5.5 ka.
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APPENDIX
SITE

CORE
SECTION ID

CORING
DEVICE

Water
Depth (m)

DEPTH
RANGE (m)

CORE LENGTH (cm)

Tarn 2

TAR2-18-1
T1
TAR2-18-1
T2
TAR2-18-1
T3
TAR2-19-1

Piston corer

5

5.15-6.15

100

Piston corer

5

5.9-6.9

100

Piston corer

5

6.45-7.45

100

Unicorer

5

5.0-5.65

65

TAR4-18-1
T1
TAR4-18-1
T2
TAR4-18-1
T2
TAR4-18-1
T3
TAR4-19-1

Piston corer

10.2

10.2-11.2

100

Piston corer

10.2

11.0-11.1

10

Piston corer

10.2

11.1-12.0

100

Piston corer

10.2

11.7-12.7

80

Unicorer

10.2

10.2-11.0

80

TAR4-18-3
T1
TAR4-18-3
T2
TAR4-18-3
T3
TAR4-19-2

Piston corer

8.15-8.75

60

Piston corer

8.5-9.5

100

Piston corer

9.25-10.05

80

13.3-13.9

60

Tarn 2
Tarn 2
Tarn 2
Tarn 4-1
Tarn 4-1
Tarn 4-1
Tarn 4-1
Tarn 4-1
Tarn 4-3
Tarn 4-3
Tarn 4-3
Tarn 4-3

Unicorer

13.3

Table A1
Core metadata. Cores were collected from two high elevation tarns on Mt. Usborne. Tarn 2, the higher
of the two sites at 600 m asl, was cored at -51.69634, -58.82788. Tarn 4 (520 m asl) has two basins.
The inner produced core TAR18-4-1 (-51.70247, -58.816) and the outer TAR18-4-3 (-51.).
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Figure A1
The plant wax δ13C parameters of TAR2-18-1 are plotted against age. From left to
right, the lithographic cores, magnetic susceptibility (blue), aquatic plant wax
(C23/blue, C25/green, C27/grey), and terrestrial plant wax (C29/yellow, C31/red,
C33/brown).
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Figure A2
The plant wax δ13C parameters of TAR4-18-1 are plotted against age. From left to right,
the lithographic cores, magnetic susceptibility (blue), aquatic plant wax (C23/blue,
C25/green, C27/grey), and terrestrial plant wax (C29/yellow, C31/red, C33/brown).
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